As a tissue engineering biomaterial, fibrin possesses outstanding biodegradable and biocompatible features except for its weak mechanical strength which limits its ranges of further application. In this study, hybrid scaffold was obtained by mixed fibrinogen and thrombin solution homogeneously in the presence of various amounts (0, 1, 2, and 4 mg, respectively) of non-woven fabric of PLGA fiber through traditional freeze-dried method to improve the mechanical strength while keeping its biological characters. The observation by scanning electron microscopy (SEM) showed that all the fibrin sponges have porous and interconnected pore structure, irrespective of the amount of PLGA fiber incorporated. In the measurement of the scaffold shrinkage, the percent of shrinkage of fibrin sponge incorporating PLGA fiber decreased when the amount of PLGA fiber incorporated increased compared with the fibrin sponge without PLGA fiber. The compression test suggested that compression modulus of PLGA fiber incorporated fibrin sponge significantly increased against the fibrin sponge without PLGA fiber; the incorporation of PLGA fiber enabled the mechanical strength of fibrin sponge to be effectively enhanced. Rat mesenchymal stem cells (rMSCs), which is of high potential to induce tissue regeneration, was selected to seed and culture in the fibrin scaffolds with or without PLGA fiber, and the number of rMSC was tested by DNA assay and calculated to examine which sponge was more favourable for rMSC to proliferate. The results reveal that the incorporation of PLGA fiber reinforced the fibrin scaffolds and maintained their intraspace. MSCs proliferated in fibrin scaffold with PLGA fiber was obviously on average more than that without PLGA fiber in vitro.
Introduction
As is known, fibrin is a biopolymer matrix which has been commonly used for surgical hemostasis and tissue sealing [1] [2] [3] . Furthermore, because of its good biocompatibility, suitable biodegradability and owning an inherent affinity for various biological surfaces, biomaterial preparations based on fibrin has been widely used in tissue engineering [4] [5] [6] [7] [8] , and fibrin is also a promising three-dimensional scaffold biomaterial for cell proliferation and differentiation to guide tissue formation [9] . However, the mechanical strength of fibrin is too weak to maintain the desired shapes, structures and the shape of the tissue to be regenerated.
Several biodegradable synthetic polymers, such as poly(lactic acid) (PLA), poly (glycolic acid) (PGA), and their copolymer, poly(DL-lactic-co-glycolic acid) (PLGA), have been fabricated into scaffolds for tissue engineering. Considering the fast degradation of PGA and poor affinity of PLA to biological surfaces, in this study, we chose PLGA incorporated into fibrin scaffold. As PLGA is one of the most generally used biodegradable synthetic polymers for cell seeding, it biodegrades into lactic acid and glycolic acid, and finally into H 2 O and CO 2 which will be removed from the body by normal metabolism. On the other hand, PLGA will degrade gradually and different amounts of it might have dissimilar effect on mechanical strength and cell proliferation.
In tissue engineering, it is well known that MSC owns an inherent high potential to differentiate into the cell lineage of various types, such as osteogenic, adipogenic, chondrogenic, and myogenic lineages under appropriate conditions [10] . Many experiments in vivo or vitro have been performed to induce the regeneration of various tissues by MSC with or without scaffolds.
This study was undertaken to prepare a novel scaffold with the advantageous properties of both collagen and PLGA non-woven fiber. The research was focused on improved mechanical strength of the novel scaffolds and their biocompatibility with cells (rMSCs) for speeding up their growth.
Results and discussion

Morphology property of fibrin scaffolds with or without PLGA fiber
The modal influence of different amounts of PLGA fiber on those hybrid scaffolds was determined. As shown in Fig. 1 , no significant difference could be observed from the outside appearance of fibrin scaffolds with or without PLGA fiber. Regardless of the amount of PLGA fiber incorporated, SEM images ( Fig. 2) had shown every fibrin scaffold possessed a similar interconnected porous structure. However, with the diameter measurement from SEM, the average pore size of fibrin scaffolds with PLGA fiber was at a range of 200-300 μm, while that of fibrin scaffolds without PLGA fiber (0 mg) was 100-200 μm. According to Fig. 1 and the SEM examination (Fig. 2) , the shape, pore structure, and interconnected feature of the fibrin scaffold were all kept whether incorporated with PLGA fiber or not. Moreover, the pore size of fibrin scaffold with PLGA fiber was larger than the like without PLGA fiber. For tissue engineering scaffolds, morphological parameters play an important part in cellular growth and tissue regeneration, the pores of scaffold must be in appropriate size, not too large or too small, then the cells can enter into scaffold and fully adhere on it, the nutrients and metabolites can transit between matrix and environments.
Fig. 2.
Cross-section SEM photographs of hybrid fibrin sponges with PLGA fiber (with PLGA, A: 0 mg, B: 1 mg, C: 2 mg, D: 4 mg). PLGA fiber was exposed between the pores formed by fibrin, and adhered to some of the fibrin fragments. The internal porous structure was not obviously affected by PLGA fiber incorporated.
Mechanical property of fibrin scaffolds with or without PLGA fiber
At an earlier stage, fibrin has been employed for wound repair events because it plays a pivotal role in wound repair processes. As its biological nature, fibrin has received more and more attention to be a material for cell scaffolding. Meanwhile, the mechanical strength of fibrin is too weak to maintain its designed shape that makes its further use in tissue repair and regeneration limited. Consequently, methods of combining fibrin with other materials to improve its mechanical strength were tried [11] .
In this study, non-woven PLGA fiber was used to incorporate with fibrin to promote mechanical strength. As shown in Fig. 3 , significant difference in the compression modulus was observed between the fibrin scaffold without PLGA fiber (0 mg) and fibrin scaffold incorporating 2 and 4 mg of PLGA fiber (P=0.00382 and 0.00263, respectively).
The amount of PLGA fiber incorporated increased the compression modulus of the scaffolds, and the more PLGA fiber incorporated, the higher compression modulus was. 
Shrinkage assay of fibrin scaffolds with or without PLGA fiber
Investigating the percent of shrinkage of fibrin sponge is indispensable for further tissue engineering applications, as the percent of shrinkage is one significant property of the hybrid scaffolds in mechanical and biological aspects. The incorporation of PLGA fiber enabled the fibrin scaffold to enhance its resistance to compression effectively (Fig. 4) , the shrinkage of fibrin scaffold was suppressed, and it decreased with an increase in the amount of PLGA fiber incorporated. It is possible to conclude that the volume available for cell attachment was larger, and resulting in a higher number of cells attached and proliferated.
Cell proliferation in the fibrin scaffolds with or without PLGA fiber
For tissue repair and regeneration, three-dimensional scaffold is desired having several important features such as biocompatibility, biodegradability, and high affinity to biological surfaces. For cells to efficiently increase their proliferation is essential. Cells culture in the scaffold must be homogeneously distributed and then the inside of the scaffold need to afford sufficient interior space for the formation of new tissue via the proliferation and differentiation of cells or their extracellular matrix secretion.
In the study, we made use of the agitation cell-seeding method to seed rMSCs into fibrin scaffolds with or without PLGA fiber. It has been reported [12, 13] that agitation cell-seeding method was attributed to the cells enhancing the ability of adhering at high density and distributing homogeneously throughout the scaffolds compared with the traditional static seeding method. 5 shows the proliferation profile of cells in the fibrin scaffolds. The cell number tended to increase in the following days compared with the first day after seeding in the fibrin scaffolds with or without PLGA fiber incorporated. During the 14 days of culture, the number of rMSC seeded in the fibrin scaffolds incorporating 1, 2, 4 mg of PLGA fiber indicated progressive proliferation against that in the fibrin scaffold without PLGA fiber at day 5. Although the cell number in the fibrin sponge incorporating 1, 2 mg of PLGA fiber decreased at day 9, there was also significant difference in the cell number between the fibrin scaffolds with 1, 2, 4 mg and without PLGA fiber in the 14 day studied.
As revealed in Fig. 5 , the cell proliferation experiment indicated that the number of cells cultured in the scaffold incorporated with PLGA fiber apparently increased faster than that without PLGA fiber. Considering the factor of increased grow space for cells, we believe that while promoting the mechanical stress of fibrin-PLGA hybrid scaffold, the porous and interconnected structure of it can be maintained, and the affinity nature of fibrin to cell is unimpaired. It is apparent from Fig. 5 that the number of cells cultured on the fibrin scaffold without PLGA fiber was less than that with PLGA fiber on day 1, especially significantly different from that with 4 mg PLGA fiber. The phenomenon also can be explained in terms of the suppressed shrinkage of scaffold by PLGA fiber incorporation. However, it could be found from the cell proliferation experiment (Fig. 5 ), the cell number had decreased on day 9 of fibrin scaffold incorporated with 1 mg and 2 mg PLGA fiber, compared with that of day 5. It was possible to explain that because of the gradual degradation of PLGA, the shrinkage of the scaffolds increased, made less volume for cell to proliferate than before. Meanwhile, during the period of 14 days' culture, the cell number of fibrin scaffold with 4 mg was steadily increasing, superior cell proliferation in comparison with fibrin scaffold without PLGA at the same stage, even though the highest number was less than that of 1 mg on day 5.
Conclusions
The study reveals that the corporation of PLGA fiber with fibrin is effective for improved mechanical strength and maintains outstanding biological features of fibrin, moreover, remarkably promotes proliferation of rMSCs. The improvement of increased proliferation of MSC seeded in the biodegradable scaffold, which is mechanical strength enhanced, will help its wider application in tissue engineering. The fibrin-PLGA hybrid scaffolds show some promise in being employed as scaffold for tissue repair, such as bone regeneration. More examinations in vivo are expected.
Experimental part
Materials
The fibrinogen and thrombin (powder) were obtained from Sigma. The non-woven PLGA fiber, 20 μm in diameter, 85:15, was supplied by Johnson & Johnson. α-Minimal essential medium (α-MEM), 100 U/ml penicillin, 100 μg/ml streptomycin and fetal bovine serum (FBS) were purchased from GIBCO Invitrogen. The 70-μm nylon mesh and Hoechst 33258 were purchased from Sigma and BD Biosciences, respectively.
Fabrication of fibrin scaffolds incorporating PLGA fiber
Fibrin scaffolds incorporating various amounts of PLGA fiber were fabricated by the conventional freeze-drying method. Generally, the PLGA non-woven fiber was immersed in acetone for 1 h, and rinsed three times in DDW for 10 min, and then the fiber was gently loosened with tweezers and cut with scissors to obtain appropriate length (0.5-1.0 cm) of PLGA fiber components. The fiber components at weights of 0, 1, 2, and 4 mg (4 groups), were homogeneously placed into a mold (Costar, 24 well; Corning Life Sciences, New York) by the tweezers, next, 0.8 ml of fibrin solution (6 mg/ml) and 0.8 ml of thrombin solution(4 IU) were poured into each well to set a fibrin gel. The fibrin gel obtained was frozen at -80 0 C overnight, then got freeze-dried under 4 Pa vacuum conditions for 24 h to get a fibrin scaffold with(1,2,4 mg) or without(0mg) PLGA fiber. All scaffolds was sterilized with ethylene oxide gas at 40 0 C, and the diameter and thickness of scaffold were measured (Fig. 1) .
Scanning electron microscopy
The fibrin scaffolds obtained were cut with a razor blade, the cross section was coated with gold on the ion sputter in order to observe the infrastructure of the fibrin scaffolds with or without PLGA fiber by a scanning electron microscope (SEM) (S-2380N, Hitachi) at a voltage of 20 kV.
Mechanical measurement
The compression modulus test was done at room temperature on an autograph machine (AGS-5D; Shimadzu) at a cross-head speed of 0.5 mm/min. Dried fibrin scaffolds with or without PLGA fiber were used in the test. The compression modulus was calculated from the slope of the initial linear portion of the stress-strain curve. The experiment was performed for four scaffolds samples each group and examined by the same operator.
Measurement of scaffold shrinkage
Each group of four samples of fibrin scaffolds with or without PLGA fiber were immersed into 100 vol% ethanol in for 30 min, and then rinsed three times for 30 min with 100 mM phosphate-buffered saline solution (PBS, pH7.4). Next, the fibrin scaffolds were placed into fresh complete α-MEM medium (culture medium: 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin) for 30 min to make them equilibrium swelling in the medium. By measuring the diameter and thickness of scaffolds before and after immersing in the culture medium, the shrinkage of fibrin scaffolds with or without PLGA fiber incorporation was determined. The measurement was performed by the same operator.
Isolation and Culture of rMSCs
The rMSCs were isolated as the methods previously described [14] [15] [16] [17] . Briefly, the 6-week-old male SD rat (Medicine science research of animal center; Sichuan) was euthanized. After immersed in 75% ethanol for 10 min, femurs and tibias were cut away and placed in PBS, under sterile conditions, to get muscle and tendon away, and then removed both ends of femurs and tibias, the bone marrow was flushed out by a syringe (21-gauge needle) full of culture medium. The cell suspension was filtered through a cell strainer with 70-μm nylon mesh (BD Biosciences), and then the filtered cell suspension was plated in a 75-cm 2 tissue culture flask. The cells were incubated at 37 °C with 5% humidified CO 2 , after 24 hours, changed the culture medium to remove non-adherent cells. Then, culture medium was replaced every 2-3 days. When the adherent rMSCs were grown to confluence, the cells were harvested with 0.25% trypsin; cells were sub-cultured at a density of 2×10 4 cells/cm 2 . When the adherent rMSCs grew to confluence again, it was sub-cultured as before. The fourth-passage cells were used for the cell seeding experiment.
Cell seeding and culture on fibrin scaffolds with or without different amounts of PLGA fiber
The fourth-passage rMSC were seeded into the fibrin scaffolds with or without PLGA fiber using an agitated seeding method reported before [12, 18] , changed to a certain degree. For the agitated seeding method, the scaffold was placed in a 15-ml tube with 15 mm diameter and 1 ml of cell suspension (1×10 6 cells/ml) was added into it, put on an orbital shaker and agitated at 300 rpm for 6 h. After the 6 h, the rMSCseeded fibrin scaffolds with or without PLGA fiber were washed with PBS to make sure non-adherent cells were excluded. Next the cell-seeded scaffolds were transferred to 12-well tissue culture plates (Costar), added 3 ml culture medium into each well, and the cells were cultured in a static condition at a 5% CO 2 -95% air atmospheric pressure and 37 °C. The medium was exchanged every 2-3 days.
DNA assay
The number of cells grew in the fibrin scaffolds with or without PLGA fiber was determined by fluorometric quantification of cellular DNA according to the method reported previously [19] . Briefly, before being stored at -80°C until assay, the cellseeded scaffolds were first washed with PBS. After thawing, a buffer solution (pH 7.4) was used to lyse the cells effectively at 37 °C for 24 h with occasional mixing, which contained sodium dodecyl sulfate (SDS, 0.2mg/mL), 0.5 mg/ml proteinase K and 30 mM sodium citrate-buffered saline solution (SSC). The cell lysate supernatant (100 μl) was mixed with a dye solution(500 μl) containing SSC (30 mM) and Hoechst 33258 dye (1 mg/ml), the fluorescence intensity of the mixed solution was measured by a fluorescence spectrometer (F-7000; Hitachi) at excitation and emission wavelengths of 355 and 460 nm, respectively. The number of cells was calculated from the calibration curve charting fluorescence intensity versus a known number of cells. The experiment was independently repeated three times for each group.
Statistical analysis
All the data were statistically analyzed by the unpaired Students t-test and statistical significance was accepted at p<0.05. Experimental data were expressed as ±: the standard deviation of the mean (SD).
